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1. Introduction

As one of the world’s most important 
chemicals, ammonia (NH3) is an indis-
pensable feedstock for fertilizer.[1,2] Cur-
rent industrial production of NH3 is 
predominantly via the century-old Haber–
Bosch process to react nitrogen (N2) with 
hydrogen (H2) over heterogeneous cata-
lysts at high temperatures of 450–500  °C 
and pressures up to 20  MPa, leading to 
about 2% of the world’s energy consump-
tion and 1.5% of total global CO2 emis-
sions.[3,4] To overcome the energy and 
environmental challenges associated with 
the Haber–Bosch process, a photoelec-
trochemical nitrogen reduction reaction 
(PEC NRR) route has been demonstrated 
to produce NH3 from N2 and sun-light 
in aqueous electrolytes at ambient condi-
tions.[5–7] Various photocathodes have been 
fabricated through heteroatom doping,[8] 

As a widely used commodity chemical, ammonia is critical for producing 
nitrogen-containing fertilizers and serving as the promising zero-carbon 
energy carrier. Photoelectrochemical nitrogen reduction reaction (PEC NRR) 
can provide a solar-powered green and sustainable route for synthesis of 
ammonia (NH3). Herein, an optimum PEC system is reported with an Si-based 
hierarchically-structured PdCu/TiO2/Si photocathode and well-thought-out tri-
fluoroethanol as the proton source for lithium-mediated PEC NRR, achieving a 
record high NH3 yield of 43.09 µg cm−2 h−1 and an excellent faradaic efficiency 
of 46.15% under 0.12 MPa O2 and 3.88 MPa N2 at 0.07 V versus lithium(0/+) 
redox couple (vs Li0/+). PEC measurements coupled with operando charac-
terization reveal that the PdCu/TiO2/Si photocathode under N2 pressures 
facilitate the reduction of N2 to form lithium nitride (Li3N), which reacts with 
active protons to produce NH3 while releasing the Li+ to reinitiate the cycle 
of the PEC NRR. The Li-mediated PEC NRR process is further enhanced by 
introducing small amount of O2 or CO2 under pressure by accelerating the 
decomposition of Li3N. For the first time, this work provides mechanistic 
understanding of the lithium-mediated PEC NRR process and opens new 
avenues for efficient solar-powered green conversion of N2-to-NH3.
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defect engineering,[9,10] and surface/interface engineering[11,12] 
for producing variable quantities of NH3 from N2 in aqueous 
electrolytes. Of particular interest, Yan’s group used a salting-
out effect from a highly concentrated aqueous electrolyte to 
enhance the performance of NRR by reducing the competing 
hydrogen evolution and increasing the N2 accessibility.[13] Mean-
while, others have effectively moved the chemical equilibrium 
towards the NH3 formation by increasing N2 solubility under 
pressure[14] and accelerated the N2 activation and hydrogenation 
through multistep reactions.[15] Although the great potential of 
PEC NRR has attracted worldwide research activities, its prac-
tical implementation is still severely limited by the low NH3 
production rate (usually < 10  µg cm−2 h−1) and poor faradaic 
efficiency (FE, typically <30%).[6]

Apart from the aqueous electrolytes, lithium (Li)-containing 
non-aqueous electrolytes have also been used for electrochem-
ical NRR to enhance the NH3 yield.[16] In this Li-mediated NRR 
mode, lithium ions (Li+) are reduced to metal Li (the standard 
redox potential of Li/Li0/+ is −3.04 V vs standard hydrogen elec-
trode, SHE), which can spontaneously react with N2 to form 
lithium nitride (Li3N) and then capture active protons to form 
NH3, as shown below[17]

3Li
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3

3H

3+ → ++ +
− +

�  (1)

Great progress has been made from intensive research 
on the electrochemical Li-mediated NRR,[18,19] and a record 
high NH3 yield rate of 150  nmol cm−2 s−1 with an almost 
100% FE was achieved recently by using a high-concentration 
bis(trifluoromethylsulfonyl)imide lithium (LiNTf2) under  
1.5 MPa N2 at −0.55  V versus lithium(0/+) redox couple  
(vs Li0/+).[20] Different to the conventional electrochemical 
method, Li-mediated PEC NRR could occur at a positive poten-
tial versus Li0/+ under sunlight to reduce the external energy 
consumption. However, Li-mediated PEC NRR is rarely studied 
and there is no fundamental understanding of its catalytic 
mechanism, and hence the lack of know how to rationally 
improve the process.

Herein, we for the first time demonstrated the Li-mediated 
PEC NRR by using silicon (Si)-based hierarchical photocath-
odes in a LiClO4-propylene carbonate (PC) solution at opti-
mized reaction conditions to obtain a high NH3 yield rate of 
43.09  µg cm−2 h−1 and excellent faradic efficiency of 46.15% 
at 0.07  V versus Li0/+. Lithium perchlorate (LiClO4) was used 
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as the electrolytes for Li-mediated PEC NRR due to its high 
stability, safety and free labile N-containing group.[21,22] Com-
prehensive PEC measurements coupled with operando charac-
terization indicate that the Li-mediated PEC NRR is controlled 
by two main rate-limiting steps: (1) photoelectrons generated by 
the Si-based photocathode facilitate the metallic Li to reduce N2 
to form lithium nitride (Li3N), followed by reacting with active 
protons to produce NH3; and (2) the decomposition of Li3N to 
release Li+ to reinitiate the cycle of PEC NRR. As we shall see 
later, the mechanistic understanding enables us to improve the 
performance for the Li-mediated PEC NRR by optimizing dif-
ferent factors that influence the NRR reaction, including N2  
pressure, applied potential, chemical nature of the proton 
source, and reaction conditions. To the best of our knowledge, 
this is the first report to point out the importance of the Li/Li3N  
cycle in the Li-mediated PEC NRR and provide an efficient 
route for the production of NH3 at a positive potential versus 
Li0/+ under sunlight to reduce the external energy consumption.

2. Results and Discussion

2.1. Synthesis and Characterization of Si-Based  
Hierarchical-Structured Photocathodes

Photocathode that provides actives sites for absorption, activa-
tion and hydrogenation of N2 as well as desorption of the newly-
formed NH3 is the core component of a PEC NRR cell. Based on 
our previous work,[11,23] we used PdCu alloy, thin TiO2 layer, and 
nanostructured Si-based wafer as the cocatalyst, protection layer 
and light absorber, respectively, to devise a Si-based hierarchically-
structured photocathode for the Li-mediated PEC NRR in this 
study. Figure S1 (Supporting Information) schematically shows 
the process for fabricating the hierarchical Si-based photocathode, 
involving the following three main steps: (1) the preparation of 
nanostructured n+p-Si absorber; (2) the deposition of a TiO2 pro-
tection layer; and (3) the incorporation of the PdCu alloy cocata-
lyst. The preparation details for a PdCu/TiO2/Si photocathode are 
described in the Experimental Section of Supporting Information.

Field emission scanning electron microscopy (FESEM) with 
line-scanning energy dispersive spectroscopy (EDS) was used to 
reveal the architecture of the Si-based photocathode. Figure 1a,b  
clearly shows a hierarchical structure with a PdCu cocatalyst 
layer of ≈50 nm and TiO2 protection layer of ≈25 nm in PdCu/
TiO2/Si photocathode. The Pd and Cu elemental distributions 
shown in Figure  1b nearly coincided each other, implying the 
formation of the PdCu alloy.[24] PdCu alloy nanoparticles smaller 
than 10  nm aggregated and stacked on the top of the photo-
cathode (Figure S2a,b, Supporting Information), in consistence 
with atomic force microscopy (AFM) images (Figure S3, Sup-
porting Information). In addition, the stacked PdCu nanopar-
ticles resulted in the formation of the porous PdCu cocatalyst 
layer (Figure S2b, Supporting Information), which can increase 
the active sites and allow the light to pass through the layer. 
As shown in Figure  1c and Figure S4a (Supporting Informa-
tion), although PdCu/TiO2/Si showed a higher light reflection 
(less than 15%) than black Si (near-zero reflection) and TiO2/
Si (less than 10%), the hierarchical photocathode with porous 
PdCu layer can trap and absorb a large proportion of incident 
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light. Due to the presence of nanostructured Si, the Si-based 
hierarchical photocathode exhibited a low reflectance over 
350–1000 nm (Figure  1c; Figure S4a, Supporting Information) 
with a bandgap of 1.1 eV determined by the optical absorption  
derived from the reflectance spectrum (Figure S4b, Sup-
porting Information).[25] In addition, the crystalline structure 
of the photocathode was detected by grazing incidence X-ray 
diffraction (GIXRD). As shown in the inset of Figure  1c, the  
PdCu/TiO2/Si exhibited a weak and broad XRD peak at 40.8° 
attributable to (111) plane of the PdCu alloy with no peak corre-
sponding to the TiO2 phase, indicating that the TiO2 protection 

layer is amorphous. Also, there is no localized surface plasmon 
resonance (LSPR) resonance peak found in the optical meas-
urements (see Figure  1c; Figure S4, Supporting Information). 
To further understand the LSPR effect of PdCu cocatalysts 
and testify the role of Si as light absorber, the PEC behaviors 
of PdCu/TiO2 sample was carried out. The results show that 
there is no visible change by turning on/off the light. This can 
be attributed to the presence of Cu–O bonds and Pd–O bonds 
on the surface of PdCu cocatalysts (see below SR-XPS results). 
Thus, the contribution of LSPR effect from PdCu cocatalysts is 
negligible in this case.

Adv. Mater. 2023, 35, 2211894

Figure 1. Chemical and physical characterizations of the hierarchical Si-based photocathode. a) Cross-sectional FESEM image of PdCu/TiO2/Si, in 
which PdCu alloy, thin TiO2 layer, and nanostructured Si-based wafer function as the cocatalyst, protection layer and light absorber, respectively.  
b) Corresponding line-scanning EDS curves of Pd, Cu, and Ti element. c) The measured total hemispherical optical reflectance of PdCu/TiO2/Si in air. 
The inset shows XRD pattern of the photocathode. d) Photographs of the liquid droplets on the surface of PdCu/TiO2/Si before and after irradiation 
for 30 min. e) Schematic illustration of Li-mediated PEC NRR on PdCu/TiO2/Si.
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To investigate Li+ adsorption on the photocathode, we put a 
droplet of the 1 m LiClO4-PC solution on the PdCu/TiO2/Si sur-
face before and after light illumination. Compared to that in the 
dark, the illuminated PdCu/TiO2/Si displayed a more lyophilic 
surface with a contact angle (CA) of ≈0°, namely super-lyophile. 
As such, we anticipate that PdCu/TiO2/Si can actively catalyze  
the Li-mediated PEC NRR process. As schematically illustrated 
in Figure  1e, the photoinduced electrons form the nanostruc-
tured Si layer upon illumination transport through the TiO2 
protection layer to the PdCu cocatalyst, reducing Li+ ions into 
Li metal on the photocathode surface as the SEI layer to react 
with N2 for the formation of Li3N. The resultant Li3N with 
a very strong base is readily protonated by proton sources  
(e.g., ethanol (EtOH)), producing NH3 and at the same time 
releasing the Li+ ions into the next reaction cycle (Figure  1e). 
Meanwhile, the photoinduced holes transport through the 
external circuit to the platinum (Pt) counter electrode to oxidize 
the proton source.

The performance of the Li-mediated PEC NRR process for the 
Si-based hierarchically-structured PdCu/TiO2/Si photocathode 
was first assessed in 1 m LiClO4-PC with 3% EtOH at different 
applied potentials versus Li0/+ and N2 pressures under 1 sun, 
using a gas-tight reactor with a liquid-seal cell (Figure S5, Sup-
porting Information). The indophenol blue method, supple-
mented by nuclear magnetic resonance (NMR) measurements, 
was adopted to determine the NH3 yield from the Li-mediated 
PEC NRR (see the Experimental Section in the Supporting 
Information).[14,26] Specifically, Figure S6 (Supporting Informa-
tion) shows a standard calibration curve (Figure S6b, Supporting 
Information) derived from Figure S6a (Supporting Informa-
tion) by plotting the optical absorbance at 650 nm as a function 

of the NH4
+ ion concentration. To exclude possible false positive 

resulting from labile N-containing contamination, we first per-
formed three necessary control experiments as follows: (1) meas-
urements under open-circuit voltage, without the photocathodes, 
and in the dark were carried out (Figures S7–S9, Supporting 
Information). For example, using PdCu/TiO2/Si photocathodes at 
0.82 to −0.43 V versus Li0/+ in the dark for 4 h, the photocathodes 
showed extremely low current densities due to lack of the photo-
generated charge carriers (Figure S9, Supporting Information). In 
all cases, no NH3 generation was detected in the electrolytes after 
4 h-electrolysis as shown by the indophenol blue method; (2) no 
NH3 (below the determination limit of 0.1 µg mL−1) was detected 
in the electrolyte with argon (Ar) as the feeding gas for the PEC 
reaction (Figure S10, Supporting Information), indicating that 
the 1  m LiClO4-PC electrolyte used is free from contaminates  
(e.g., nitrate, Figure S11, Supporting Information); and (3) 
15N2 isotope-NMR experiments were performed to confirm the 
N2 feeding gas as the N sources for the PEC NRR production of 
NH3 – no triple peak from14NH4

+ was observed when15N2 was 
used as the feeding gas (Figure S12, Supporting Information).

Having checked and avoided the possible false positive 
results from labile N-containing contamination, we carried 
out the performance evaluation of the Li-mediated PEC NRR 
for the Si-based hierarchically-structured PdCu/TiO2/Si photo-
cathode at different applied potentials. Figure S13 (Supporting 
Information) reproduces the linear sweep voltammetry (LSV) 
curves for the PdCu/TiO2/Si photocathode, which shows strong 
and repeatable photocurrent responses in the N2-saturated elec-
trolyte at ambient conditions under illumination, but not in the 
dark, confirming the occurrence of the PEC reaction. Figure 2a 
shows the NH3 yield rate and FE for PdCu/TiO2/Si and TiO2/Si  

Adv. Mater. 2023, 35, 2211894

Figure 2. Li-mediated PEC NRR performance of Si-based photocathodes in 1 m LiClO4-PC with 3% EtOH for 4 h under 1 sun. a) NH3 yield rate (column 
diagram) and FE (point plot) of PdCu/TiO2/Si (orange) and TiO2/Si (blue) at various applied potentials versus Li0/+ under ambient conditions. b) NH3 
yield rate (column diagram) and FE (star symbol) acquired from PdCu/TiO2/Si as a function of N2 pressures. c) Diagrammatic sketch for the proposed 
reaction steps and critical issues of Li-mediated PEC NRR.
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photocathodes at different applied potentials under ambient 
conditions. Compared to the TiO2/Si control photocathode, 
PdCu/TiO2/Si photocathode displayed a much better perfor-
mance for the Li-mediated PEC NRR with a higher NH3 yield 
rate and FE. The main function of a thin and amorphous TiO2 
layer on the surface of nanostructured n+p-Si absorber is to serve 
as an adhesion layer for growing the PdCu alloy cocatalysts and 
increase the stability during PEC NRR process and rather than 
to enhance the PEC performance, as shown in this study. Spe-
cifically, at the applied potential of −0.18 V versus Li0/+ (corre-
sponding to −3.22 V vs SHE), the PdCu/TiO2/Si photocathode 
achieved the highest NH3 yield rate of ≈10.63 µg cm−2 h−1 and 
FE of 11.96% under N2 bubbles (flow rate of 30 sccm) and at 
an ambient pressure (Figure  2a). Beyond this negative poten-
tial, the NH3 yield rate and FE on the photocathode decreased, 
which can be attributed to the presence of competitive reactions 
(e.g., Li extraction). In a separate study of Li extraction, we also 
observed the formation of clear and thick Li layer on the sur-
face of photocathode during the PEC tests and the formation 
of thick metallic Li layer would block the light and affect the 
light absorption and harvesting. As a result, the addition of the 
PdCu cocatalyst facilitated the adsorption and reduction of Li+ 
and the formation of the Li SEI layer, and hence the improved 
Li-mediated performance for the PdCu/TiO2/Si photocathode. 
However, it is noted that the above observed Li-mediated PEC 
NRR performance in the LiClO4 electrolyte is still lower than 
those reported for selected Li-mediated electrochemical NRR 
processes (Table S1, Supporting Information). The reason is 
most likely due to the low N2 solubility in the electrolyte under 
ambient pressure, which could limit the formation rate of Li3N 
and influence the NH3 yield rate and current-to-NH3 conver-
sion efficiency, as demonstrated earlier.[27]

To overcome the N2 solubility limitation, we further used a 
pressurized reactor to study the Li-mediated PEC NRR on the 
PdCu/TiO2/Si photocathode under different N2 pressures  
(N2 was bubbled into the cell for 30 min to purge other gases, 
e.g., O2, before introducing the target N2 pressures) for 4 h 
within a closed and static PEC reaction environment (Figure S14,  
Supporting Information). A positive correlation between the 
N2 pressure and the Li-mediated PEC NRR performance was 
observed, as shown in Figure 2b. Upon increasing the N2 pres-
sure from one atmosphere to 1  MPa, the applied potential for 
the best PEC NRR performance shifted from −0.18 (Figure 2a) to 
0.07 V versus Li0/+, in accordance with the Le Chatelier’s principle 
about the movement of chemical equilibrium.[28] An NH3 yield 
rate of 36.98 µg cm−2 h−1 and FE of 30.66% were achieved under 
the N2 pressure of 3 MPa at 0.07 V versus Li0/+ (corresponding 
to −2.97 V vs SHE), leading to ≈3.5- and 2.6-fold enhancements 
in the NH3 yield rate and FE, respectively, for the same PdCu/
TiO2/Si photocathode at ambient pressure. Further increasing 
the N2 pressure up to 4 MPa caused a small enhancement in the  
Li-mediated PEC NRR performance for the PdCu/TiO2/Si  
photocathode with a NH3 yield rate of 38.09 µg cm−2 h−1 and FE 
of 33.87% (Figure 2b). These results indicate that the pressur-
ization-induced enhancement in N2 solubility and N2 delivery 
could facilitate the production of abundant Li3N and ame-
liorate the rate-determining step (RDS) of 6Li + N2  → 2Li3N  
for the Li-mediated NRR.[29] When the N2 pressure is over 
3  MPa, however, the N2 solubility in the electrolyte would be 

sufficiently high to produce the saturated number of Li3N sites 
on the surface of the PdCu/TiO2/Si photocathode. Under this 
circumstance, the performance of the Li-mediated PEC NRR 
could be impeded by other reaction steps (such as the decom-
position of Li3N) rather than the transformation step from Li to 
Li3N (as schematically shown in Figure 2c).

To probe changes in the chemical state and electron structure 
of the photocathode surface in the dark and under illumination, 
we performed operando synchrotron radiation X-ray photoelec-
tron spectroscopy (SR-XPS) for the Si-based hierarchically-
structured PdCu/TiO2/Si photocathode during the Li-medi-
ated PEC NRR.[30] As shown in the lower curve of Figure 3a, 
the Cu 2p spectrum of PdCu/TiO2/Si in the dark can be fitted 
into five peaks, consisting of two Cu 2p3/2 peaks, two Cu 2p1/2 
peaks and one satellite peak. Notably, the two peaks of Cu 2p3/2 
centered at 932.1 and 934.3 eV are associated with Cu–Cu and 
Cu–O bonds, respectively.[31] In the dark, the average metallic 
state of Cu (as defined by the peak area ratio of M–M to M–O; 
M = Cu or Pd) on PdCu/TiO2/Si is about 0.95, implying that 
Cu on the photocathode surface can be readily oxidized by the 
ambient O2 due to the high surface Gibbs free energy intrin-
sically associated with the nanoparticles.[32] Upon irradiation, 
the Cu–Cu peak shifted to a lower binding energy of 931.7 eV 
(see the top curve of Figure 3a) from 932.1 eV measured in the 
dark with a concomitant increase in the average metallic state 
of Cu from 0.95 to ≈1.49, while there was no obvious change 
in the peak position for the Cu–O bond. The corresponding Pd 
3d spectra in Figure 3b show two Pd 3d7/2 peaks at ≈335.7 and 
336.7 eV characteristic of the Pd–Pd and Pd–O bonds, respec-
tively.[33] Similar to the Cu 2p spectra in Figure 3a, the illumina-
tion also caused a downward shift to a lower binding energy of 
335.4 eV for the Pd–Pd peak and a slight increase in the ratio 
of Pd–Pd to Pd–O from 2.89 to 3.18 (Figure 3b). These results 
indicate the photoinduced charge generation and separation, 
followed by the electron transport from the nanostructured 
optical absorber of n+p-Si to the PdCu alloyed nanoparticles. 
The resultant electron-rich Pd and Cu sites could serve as the 
Lewis base to facilitate the adsorption and reduction of the Li+ 
to Li on the surface of the PdCu/TiO2/Si photocathode.

To gain insights on the underlying mechanism associated 
with the Li chemical state changes, we further performed Quasi 
in situ GIXRD measurements to collect information about 
the phase structure and chemical composition of the photo-
cathode surface after the Li-mediated PEC NRR. As shown in 
Figure 3c, there is no remarkable peak observed in the diffrac-
tion angle range from 28° to 34° prior to the PEC NRR pro-
cess. During the initial reaction stage (e.g., >1 h), a small peak 
appeared around ≈32.9°, which can be assigned to the Li2O 
phase[34,35] resulted from the oxidation of Li or Li3N with the 
ambient air, in line with the phenomenon that the white layer 
on the surface of post-electrolysis PdCu/TiO2/Si photocathode 
reacted violently in the air to yield the fizziness (Figure S15, 
Supporting Information). The Li2O peak intensity increased 
with increasing reaction time (Figure 3c). After about 1.5-h elec-
trolysis, a new weak peak at ∼31.5° characteristic of the Li3N 
phase[36,37] appeared, which is accompanied by the appearance 
of a strong peak at ≈29.6° corresponding to Li2N2O3 as the inter-
mediate from the Li3N oxidation under ambient.[38,39] These 
results provide strong evidences for the successful synthesis  

Adv. Mater. 2023, 35, 2211894
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of Li3N from Li and N2 during the PEC NRR process, and also 
indicate a higher stability for Li3N and Li2N2O3 in air than that 
of Li (Figure  3c). Along with the quasi in situ XRD measure-
ments, quasi in situ Raman spectra (Figure S16, Supporting 
Information) were also obtained to show Raman modes for the 
Li3N over 400–500 cm−1.[40,41]

To further reveal electronic states and chemical bonds of 
the Li species, we measured Li 1s XPS spectra for the reacted  
PdCu/TiO2/Si after the Li-mediated PEC NRR under 4-MPa N2 
for 4 h at different applied potentials (Figure 3d). The obtained 
Li 1s XPS spectra of the PdCu/TiO2/Si photocathode electro-
lyzed at all the applied potentials were deconvolved into two 
peaks at 55.5 and 54.2  eV attributable to the Li–O and Li–N 
bonds, respectively,[42,43] according to the Lorentzian-Gaussian 
distribution function. The curve-fitted Li 1s XPS spectra in 
Figure  3d clearly show the formation of Li3N during the PEC 
NRR process, in consistence with the quasi in situ XRD and 
Raman measurements. A decrease in the applied potential from 
0.57 to −0.43 V versus Li0/+ led to a continuous decrease in the 
ratio of Li–O to Li–N from 4.88 to 3.68. These results, together 
with the irregular relationship between the EF and applied 
potential shown in Figure 2b, indicate that the Li-mediated PEC 
NRR performance of the PdCu/TiO2/Si photocathode is not 
simply proportional to the variations in the content of Li3N on 
the photocathode surface. Thus, there is an optimal content of 
the Li3N for the Li-mediated PEC NRR process. This is because 

when the Li3N content is less than the optimal value, the for-
mation of Li3N is the rate-limiting step for the Li-mediated PEC 
NRR process. When an excessive amount of Li3N accumulate 
on the photocathode surface, however, the interface resistance 
increases to impede the Li cycle (Figure 2c), leading to the per-
formance decay for the Li-mediated PEC NRR.

The important role of Li3N in regulating the Li-mediated 
PEC NRR performance was further investigated. On the basis 
of Equation  1, we can envision that the accumulation of Li3N 
could be related to the sluggish rate for hydrogenation of the 
Li3N to produce NH3 via Li3N + 3MH → 3Li+  + 3M−  + NH3 
(M is the functional group). To validate this hypothesis, we 
used proton sources with different H+ donating capabilities 
in the electrolytes to control the hydrogenation of Li3N for the  
Li-mediated PEC NRR performance. The proton sources 
used in this work include isopropyl alcohol (IPA), methanol 
(MeOH), ethanol (EtOH), and trifluoroethanol (TFE) with the 
H+ donating capability (namely, the Bronsted acidity) in the 
order of TFE > MeOH > EtOH > IPA. As shown in Figure 4a, 
the Bronsted acidity of the proton donors significantly affects 
the pressurized (e.g., 4-MPa N2 pressure) Li-mediated PEC 
NRR performance. Specifically, the NH3 yield rate and FE of 
the PEC NRR gradually increased with increasing the Bronsted 
acidity of the proton donors. When TFE was used as the proton 
donor, the NH3 yield rate and FE for the Li-mediated PEC 
NRR were 38.12  µg cm−2 h−1 and 40.66%, respectively, which 

Adv. Mater. 2023, 35, 2211894

Figure 3. Analysis of active sites on the hierarchical Si-based photocathode and work mechanism on the formation of Li and Li3N by various operando 
characterizations. a) Cu 2p and b) Pd 3d of PdCu/TiO2/Si using SR-XPS in the dark and under illumination. The light sources with 520 nm using in 
(a) and (b) were yielded by a low-powered laser product (≈0.1 mW output power). c) XRD patterns of PdCu/TiO2/Si obtained after Li-mediated PEC 
NRR at −0.18 V versus Li0/+ with different reaction time. d) Li 1s of XPS spectra for the reacted PdCu/TiO2/Si at given applied potentials under 4-MPa 
N2 pressure and 1 sun.
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are 1.55 and 1.36 times higher than the corresponding values 
for IPA as the proton donor (Figure 4a). The LSV curves of the  
PdCu/TiO2/Si photocathode in the N2-saturated electrolyte 
with TFE proton sources at ambient conditions under illumi-
nation show strong and repeatable photocurrent responses 
(Figure S17, Supporting Information). Therefore, the proton 
donor with a strong Bronsted acidity has a tendency to cap-
ture the Li site of Li3N and cause the rupture of the Li–N 
bonds to accelerate the NH3 formation. The electrochemical 
impedance spectroscopy (EIS, see Figure S18 in the Sup-
porting Information) results demonstrated that the addition 
of different proton sources in electrolyte can tune the charge 
transfer resistance (Rct) of the photocathode surface. The order 
of charge transfer resistance for PdCu/TiO2/Si photocathode is  
LiClO4+TFE < LiClO4+MeOH < LiClO4+EtOH < LiClO4+IPA, in 
line with the corresponding Li-mediated PEC NRR performance.

As pointed out by Li et al., the addition of O2 improves the 
FE of Li-mediated electrocatalytic NRR.[44] Nevertheless, the 
work mechanism of O2 in the NRR behavior or Li cycle is not 
clear. In view of the air-oxidation of Li3N to form the unstable 
intermediate to weaken the Li–N bond discussed above, we also 
introduced an appropriate amount of O2 into the Li-mediated 
PEC NRR cell to try to facilitate the decomposition of Li3N. 
Figure 4b shows the dependence of the PEC NRR performance 
on the O2 concentration in a N2/O2 mixture gas under 1 sun at 
0.07  V versus Li0/+. The best performance of the Li-mediated 
PEC NRR was obtained at an O2 concentration of 3%, achieving 
an NH3 yield rate of 43.09 µg cm−2 h−1 and FE of 46.15%. The 
NRR performance decreased as the O2 concentration was over 
3% due to the production of stable Li2O to reduce the Li3N 

species. Similar phenomenon was also observed also for carbon 
dioxide (CO2) content in the Li-mediated PEC NRR perfor-
mance (Figure S19, Supporting Information). This is because 
the exposure of Li3N to CO2 led to the formation of stable 
Li2CO3, enhancing the Li-mediated PEC NRR performance in a 
similar manner as that for O2.

To demonstrate the potential use of the Si-based hierarchi-
cally-structured PdCu/TiO2/Si photocathode, we also performed 
the stability test. As shown in Figure S20 (Supporting Informa-
tion), the Li-mediated PEC NRR cell based on the PdCu/TiO2/Si 
photocathode displayed little photocurrent decay over 20 h opera-
tion with a linear increase in the NH3 yield and an almost con-
stant FE (Figure S21, Supporting Information). Meanwhile, on 
the basis of five cyclic measurements of Li-mediated PEC NRR 
(Figure S22, Supporting Information), the PEC properties (such 
as photocurrent density) and synthetic behavior of NH3 (such as 
NH3 yield rate and FE) of PdCu/TiO2/Si photocathode are almost 
identical, implying that the photocathode owns a good durability. 
Its good stability and photosensitivity were also evidenced by 
the repeatable photocurrent responses from the PdCu/TiO2/Si 
photo      cathode in the electrolyte containing 3% O2 under 4-MPa 
pressure at 0.07 V versus Li0/+ while chopping the light at interval 
time of 1  h (Figure S23, Supporting Information). Clearly, the 
newly-developed Li-mediated PEC NRR cell can provide an effi-
cient and stable route for the green synthesis of NH3.

Finally, we performed the high sensitivity and nondestruc-
tive quasi in situ electron paramagnetic resonance (EPR) 
spectroscopy to detect chemical states of the materials in the 
SEI layer and unravel the enhanced catalytic performance. To 
maintain the original state of the SEI layer after PEC NRR, a 

Adv. Mater. 2023, 35, 2211894

Figure 4. Effect of proton sources and gas composition on the synthesis of NH3 and the completely enhanced mechanism of Li-mediated PEC NRR.  
a) NH3 yield rate (column diagrams) and FE (point plots) from Li-mediated PEC NRR as a function of proton sources under condition of 1 sun, 4-MPa N2 
and 0.07 V versus Li0/+. b) The dependence of NRR performance on the O2 concentrations of mixed N2/O2 gas under 1 sun and 0.07 V versus Li0/+. c) Quasi 
in situ EPR spectra of the post-electrolysis photocathode under condition of 4-MPa N2 and 0.07 V versus Li0/+ with the electrolytes containing different 
proton sources. d) Schematic representation of the completely enhanced mechanism of Li-mediated PEC NRR system by optimizing the process of Li cycle.
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thin electrolyte layer was coated on the surface of PdCu/TiO2/
Si to avoid the air oxidation prior to the EPR measurements. 
As shown in Figure 4c, a sharp EPR signal at ≈g⊥ = 1.966, cor-
responding to the presence of metallic Li with unpaired elec-
tron,[45] is evident for all the photocathodes after the Li-medi-
ated PEC NRR with different proton sources. The EPR signal 
intensity is closely related to the content of metallic Li in the 
SEI layer (the EPR tests conducted in the study were corrected 
using internal reference). Specifically, the EPR intensity for the 
metallic Li is inversely proportional to the Bronsted acidity of 
the proton donor in the electrolyte (Figure 4c), indicating, once 
again, that the proton donor with a stronger Bronsted acidity 
has ruptured more Li–N bonds to accelerate the NH3 formation 
and move the cycle (II) in Figure 4a further forward, and hence 
the reduced Li content. Similar EPR intensity changes were also 
observed for the PdCu/TiO2/Si photocathode after the Li-medi-
ated PEC NRR under the N2/O2 mixture gas with different O2 
concentrations (Figure S24, Supporting Information). According 
to the previous publication,[21] however, more efficient Li-medi-
ated NRR is usually observed for the photocathode with more 
Li/Li3N to start with. Actually, stronger EPR signal of metallic 
Li (see Figure S25 in the Supporting Information) was found on 
the photocathode surface after PEC NRR under higher N2 pres-
sure, consistent with the higher NH3 production rate and higher 
FE, when the formation of Li3N was determining step. Figure 4d 
summaries the effects of various factors on the Li-mediated 
PEC NRR process investigated in this study. As can be seen, 
the more metallic Li materials are easily obtained on the active 
PdCu sites in the PdCu/TiO2/Si photocathode, compared to the 
inert surface (e.g., TiO2/Si), which is favorable for the first step 
of the Li-mediated PEC NRR: Li+ + e− → Li. The NRR process 
is then limited for the second step of the Li3N formation due to  
the low N2 solubility despite the presence of sufficient metallic 
Li on the photocathode surface. The application of pressure 
to increase the N2 solubility in the electrolytes can remarkably 
facilitate the formation of Li3N, leading to the plentiful Li3N 
on the photocathode surface. As a result, the increased Li3N by 
increasing the N2 pressure can overcome the second rate-limiting 
step of the Li-mediated PEC NRR (6Li + N2 → 2Li3N) to obtain a 
high NH3 yield rate and FE until over the optimal value of Li3N. 
When the Li3N is excessive, the relatively slow rate for the decom-
position/hydrogenation of Li3N (Li3N + 3H+  → 3Li+  + NH3)  
becomes the rate-determining step to hinder the Li-mediated 
PEC NRR. To accelerate the NH3 synthesis and Li cycle, the 
introduction of strong proton donors and O2/CO2 can enhance 
the rupture of the Li–N bonds and facilitate the formation of 
the N–H bonds. For an ideal Li-mediated PEC NRR process,  
these three steps in the Li cycle (Figure 2c) complements each 
other with an overall fast reaction rate.

3. Conclusion

In this study, we have developed a highly-efficient solar- 
powered, Li-mediated PEC NRR process for direct conver-
sion of N2-to-NH3 with a remarkably high NH3 yield rate  
(43.09 µg cm−2 h−1) and faradaic efficiency (46.15%). Through 
comprehensive operando characterization, we, for the first 
time, have also gained a detailed mechanistic understanding 

on the Li-mediated PEC NRR process using the Si-based hier-
archically-structured PdCu/TiO2/Si photocathode. The results 
indicate that the formation and decomposition/hydrogena-
tion of Li3N are the rate-limiting steps for the Li-mediated PEC 
NRR, which can be effectively regulated by controlling the reac-
tion conditions, including the N2 pressure, nature of the proton 
sources, and introduction of oxidizing gases such as O2 and 
CO2. This work provides a new and systematic approach towards 
rational design and development of Li-mediated PEC NRR sys-
tems for fast, cost-effective, and efficient green synthesis of NH3.
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